Screening for endophytic fungi with antifungal activity is an effective strategy for the discovery of novel biopesticides. Our previous work indicated that Chaetomium globosum CDW7, an endophyte from Ginkgo biloba, exhibited strong inhibitory activity against plant pathogenic fungi in vitro. In this study, we evaluated the CDW7 strain for its antifungal activities against nine phytopathogenic fungi and its biocontrol potential against rape sclerotinia rot caused by Sclerotinia sclerotiorum. The fermentation broth of CDW7 could successfully inhibit disease development in S. sclerotiorum-infected rape in vivo with 57.8% protective efficiency, which is comparable to that of carbendazim (59.8%) at 250 μg mL −1 . The fermentation broth also expressed significant activity stability when exposed to 60 • C and UV illumination, or when stored at 4
INTRODUCTION
As one of the most destructive and universal plant pathogens, the ascomycete fungus Sclerotinia sclerotiorum infects 70 families of plants worldwide, including Gymnospermae and Angiospermae (Boland and Hall 1994; Bolton, Thomma and Nelson 2006) . Rape sclerotinia rot (RSR) caused by S. sclerotiorum seriously affects the production and quality of rapeseed in China and the other regions of the world (Wang et al. 2014) . Currently, applying chemical fungicides for control of RSR remains the major method. However, some serious problems, such as environmental pollution and multi-resistant strains, were caused by the sustained use of chemical fungicides. For instance, during the 1980s to 2000s, continuous use of carbendazim, a commonly used fungicide to control RSR, caused high levels of resistance to the pathogen in eastern China (Liang et al. 2015) . Therefore, developing a more effective and environment-friendly fungicide, especially bio-fungicide, is an imperative need to control the plant disease.
Endophytic fungi living in the internal organization of the plants are potential sources of bioactive secondary metabolites (Kumar and Kaushik 2012; Nisa et al. 2015) . Screening for antifungal endophytic fungi is an effective strategy for the discovery of novel biopesticides. In the previous study, we screened 80 endophytes isolated from Ginkgo biloba and identified that Chaetomium globosum CDW7 displayed potent antifungal activity, and this was deposited in the China General Microbiological Culture Collection Center (CGMCC) with an accession number of 6658 Ye et al. 2013) . Fusarium head blight caused by Fusarium graminearum was inhibited by the fermentation broth of CDW7 with a protective efficacy of 54.9% and curative efficacy of 48.8%. Flavipin, the main secondary metabolite of CDW7, showed an IC 50 value of 0.73 μg mL −1 against F.
graminearum. After testing the antifungal activities against nine pathogen fungi, we found that CDW7 also exhibited significant biological control effects against S. sclerotiorum, whereas flavipin only contributes to antifungal activities with an IC 50 value of 3.68 μg mL −1 . These findings indicated that more active metabolites may be present in the culture broth of CDW7. Therefore, in this study, we reported the potential biological activity of the CDW7 against S. sclerotiorum and the isolation of flavipin along with six known compounds, namely chaetoglobosin A, chaetoglobosin B, chaetoglobosin C, chaetoglobosin D, chaetoglobosin E and chaetoglobosin V b (see Fig. S1 in the Supplementary Data available online), from the CDW7 culture broth, whose antifungal activities against S. sclerotiorum were also reported.
MATERIALS AND METHODS

General experimental instrumentation
NMR spectra were obtained on a Bruker Avance III 400 NMR spectrometer (Bruker, Stuttgart, Germany) using tetramethylsilane (TMS) as an internal standard. Electrospray ionization mass spectrometry (ESI-MS) was conducted using a Bruker UHR-TOF mass spectrometer (Bruker, Billerica, MA, USA). Sclerotia were observed on an Axio Observer A1 inverted fluorescence microscope (Carl Zeiss, Jena, Germany).
The source of the strains
Chaetomium globosum CDW7 and all tested plant pathogens (Rhizoctonia solani, Fusarium moniliforme, Magnaporthe grisea, Fusarium graminearum, Rhizotonia cerealis, Sclerotinia sclerotiorum, Phytophthora capsici, Alternaria solani and Botrytis cinerea) were supplied by the Laboratory of Natural Products Chemistry, Nanjing Agricultural University. The strains were cultivated in potato dextrose agar (PDA) at 25 • C after retrieval from the storage tube and used for the antifungal assay.
Preparation of the fermentation broth of CDW7
CDW7 was incubated on PDA at 25 • C for 34 days. Then the mycelial agar plugs were transferred from the edge of the cultures to 250-mL Erlenmeyer flasks containing 100 mL of potato dextrose (PD) broth medium, which was continuously shaken (150 rpm) for 12 days at 25
• C. The broth culture was filtered through two layers of muslin cloth and refiltered with a 0.22-μm bacterial filter to obtain the sterile fermentation broth ).
Biological activity test
Simple direct antagonism bioassays against nine plant pathogens CDW7 and the plant pathogens were grown on opposite sides of 9-cm Petri dishes with PDA. The plant pathogens were placed on the medium after CDW7's growth for 3 days. As a blank control, each plant pathogen grew on PDA alone under the same conditions. The growth of the plant pathogens in a dual culture dish with CDW7 was observed when the blank control Petri dishes were covered with pathogen mycelium (Sánchez-Fernández et al. 2016) . Every treatment was repeated three times.
Antifungal activities of fermentation broth against nine pathogen fungi in vitro
The antifungal activities of the fermentation broth were tested in vitro against nine plant-pathogenic fungi using a mycelial growth inhibition method . The sterile filtered fermentation broth and heated PDA were mixed at a proportion of 1:9, and sterile water was added to a PDA plate as a blank control. Then, a 5-mm-diameter mycelial agar plug of plant pathogen was placed on the center of each Petri dish. Every treatment was repeated three times, and the plates were incubated at 25
• C in darkness. After incubation for several days, the colony diameter of each pathogen was measured by subtracting the original mycelial disk diameter from this measurement. The percentage inhibition was calculated according to the following formula (1 − a/b) × 100, where a is the colony diameter with fermentation broth and b is the mean colony diameter of blank control Petri dishes.
Inhibiting sclerotial germination of S. sclerotiorum of fermentation broth
Similarly sized mature sclerotia (age 14 days) were used in this experiment. Sclerotia were surface sterilized in 0.5% NaClO for 3 min, washed with sterile distilled water three times and placed on sterile filter paper to dry. Then, sclerotia were soaked in different concentrations of fermentation broth (10%, 50%, 100%, sterile water) for 24 h at 4 • C. Each sclerotia treatment group was removed from the fermentation broth, rinsed three times with sterile water, and dried with sterile filter paper. The sclerotia were inoculated on PDA plates. Five sclerotia were placed on each plate, and eight plates were used for each treatment. The plates were cultivated at 25
• C. After 48 h of incubation, sclerotia were examined for sclerotial germination and mycelian growth under an inverted microscope. Sclerotia that produced hyphae ≥2 mm long were considered to be germinating. The sclerotium germination rate (%), germination index and germination inhibition rate (%) were calculated as previously described (Goussous et al. 2013) .
Antifungal activity against RSR
Collected from Pailou (Experimental Centre of Nanjing Agricultural University), the sensitive rape leaves were used to test the efficacy of fermentation broth in vivo. Healthy leaves were sprayed with fermentation broth (10%, 50%, 100%) and then inoculated with S. sclerotiorum after cultivation at 25
• C for 24 h.
Rape leaves without fermentation broth served as a negative control, whereas carbendazim (50% WP, Jiangsu Rotam Lanfeng Biochemical Co., Ltd., Jiangsu, China) was tested as the positive control (Dai et al. 2015) . After cultivation at 25
• C for 36 h, the protective efficacy (%) was calculated as (1 − Diameter of treatment/Diameter of negative control) × 100 (Cao et al. 2015) .
Protective effect of fermentation broth on rape seed germination Full, uniform and free of disease rape seeds were selected and set on the sterile filter paper to dry after surface disinfection treatment (5% NaClO solution soaked for 10 min and washed with distilled water 5 times). Then, the seeds were soaked with a series of filtered sterile fermentation broths (10%, 50% and 100%). After 24 h, the rape seeds were washed three times with sterile water and placed on the sterile filter paper to dry. The seeds were germinated in 9-cm Petri dishes on two layers of filter paper (30 seeds on each dish) and incubated at 25
• C, and the moistness of the filter papers was maintained. When the radicals became half the seed length, the seeds were considered to be germinating. The germination percentage was recorded every 30 h for 5 days. Germination rate (%) = (Number of seeds germinated/Total number of seeds) × 100. Root length and shoot length were measured on the 5th day after germination. The shoots and roots of seedlings were separated and measured for fresh weight measurement . Sterile-water-soaked seeds were used as a blank control. There were three replications for each treatment.
Stability testing
The fermentation broth was heated at 60
• C or 100
• C for 0, 10, 30, 60, 90, or 300 min to test its heating stability. The fermentation broth was subject to irradiation at 254 nm for 0, 10, 30, 60, or 90 min to test ultraviolet light stability. In the storage stability test, the fermentation broth was placed in 4
• C for storage for 0, 1, 5, 10, 20, or 30 days. Every treatment was assessed for fungicidal activities against S. sclerotiorum according to the mycelia growth inhibition method. There were three replications for each treatment.
Isolation and structure identification of metabolites
The fermentation broth (30 L) was extracted three times with dichloromethane and evaporated to obtain the crude extract (10.2 g), which was separated using a Sephadex LH-20 column eluted with a mixture of CHCl 3 and MeOH (v/v, 1:1) to obtain two fractions (F-1:3.8 g, F-2:2.5 g) and one compound (0.9 g). The compound was subject to recrystallization to give flavipin (James et al. 2002) . The F-1 was subjected to silica gel column chromatography using CHCl 3 /MeOH mixture elution (v/v, 100:0, 0.5 L and 100:1, 1 L) to yield chaetoglobosin C (45 mg), and the other part was further separated by preparative HPLC [column: Kromasil 100-5-C18 (Akzonobel, Bohus, Sweden), 250 mm × 10 mm, mobile phase: MeCN-H 2 O (50:50)] to yield chaetoglobosin B (11 mg, retention time (t R ) = 6.958 min) and chaetoglobosin D (13 mg, t R = 8.426 min). The F-2 was isolated on a silica gel column (60 cm × 4 cm) eluted with CHCl 3 :MeOH gradients followed by preparative HPLC [MeCN-H 2 O (50:50)] to afford chaetoglobosin E (3 mg, t R = 13.869 min), chaetoglobosin V b (4 mg, t R = 17.091 min) and chaetoglobosin A (14 mg, t R = 21.939 min).
Antifungal activities of compounds against S. sclerotiorum in vitro
The isolated chaetoglobosin A-E and V b were tested for their antifungal activities against S. sclerotiorum in vitro using a mycelia growth inhibition method. Each compound was solubilized in DMSO and adjusted to a series of concentrations (DMSO ≤ 5%) to measure the half inhibitory concentration (IC 50 ) against S. sclerotiorum. 
Statistical analysis
Experimental results regarding plant pathogen inhibition in the antagonism bioassays were analyzed by t-tests; experimental results considering other biological activities and stability testing were performed by analysis of variance (one-way ANOVA, α = 0.05) and Tukey statistical tests using SPSS (19.0; SPSS Inc., IBM, Armonk, NY, USA) for Windows. Before analysis, all the data were tested for homogeneity of variances by Levene's test. P ≤ 0.05 was considered a statistically significant difference. Data were presented as the mean and standard deviation (SD).
RESULTS
Biological activities test
Antagonism bioassays with nine plant pathogens
In the antagonism bioassays, a clear inhibition zone on the PDA plate was noted, and the mycelium of the pathogens stopped growing adjacent to the C. globosum CDW7 after several days of culture (Fig. 1) . The growth of CDW7 suppressed the growth of B. cinerea (51.6%), P. capsici (55.8%), F. graminearum (50.2%) and S. sclerotiorum (78.9%).
Antifungal activities of fermentation broth against nine pathogenic fungi
The results showed that nine pathogenic fungi in the tests were all inhibited by the fermentation broth to different degrees. The inhibition rates ranged from 21.5 to 81.7% among nine pathogenic fungi (Table S1 in the online Supplementary Data).
In particular, S. sclerotiorum was strongly inhibited with the inhibitory rate reaching 81.7%.
Inhibiting sclerotial germination of S. sclerotiorum of fermentation broth
Germination of S. sclerotiorum sclerotia was studied after 48 h of incubation. As indicated in Table 1 , the fermentation broth of Statistical analysis of the data was performed by analysis of variance (one-way ANOVA). A probability value of P ≤ 0.05 was considered to denote a statistically significant difference. Different superscript letters indicate significant differences within treatments and references. Data were presented as the mean and standard deviation (SD). The statistical analysis method was the same in Tables 2 and 3 . CDW7 effectively inhibited sclerotial germination of S. sclerotiorum. Even 10% fermentation broth had an inhibitory rate of 50%. Inhibition of germination of S. sclerotiorum sclerotia showed an increasing trend with the fermentation broth concentration. The inhibition of germination at the highest concentration tested (100%) reached 87.1%.
Antifungal activity of fermentation broth against RSR
As shown in Fig. 2 , 36 h after inoculating with S. sclerotiorum, 100% disease incidence occurred on the untreated negative rape leaves. The in vivo protective effect with 100% fermentation broth reached 57.8% compared with the positive control (59.8%) at 250 μg mL −1 . When the concentration was diluted 10-fold, the fermentation broth exhibited a protection efficiency of 32.1% against RSR compared with the positive control of carbendazim (42.5%) at 125 μg mL −1 . Thus, the broth exhibited significant differences among the treatment and negative control for the experiments in rape leaves. The results indicated that the fermentation broth of CDW7 had the potential to be used to control RSR.
The protective effects on rape seed germination After continuous observation for 120 h, the germination of rape seeds soaked in 10% fermentation broth was not inhibited and exhibited no significant difference compared with the blank control. Upon treatment with 50% and 100% fermentation broth, the rape seeds exhibited different degrees of germination rates especially at the early stage (Table 2 ). In addition, 10% fermentation broth promotes the growth of rape seedlings. The root length, root fresh weight, sprout length and sprout fresh weight were all significantly increased compared with the blank control (Table 3) .
Stability testing
In the heating stability test, after the heating treatment at 60
• C for 0-300 min, the inhibition rates against S. sclerotiorum were greater than 80%. However, when heated at 100
• C, a downward trend with the extension of heating time was noted (Table S2 in the online Supplementary Data). The results signified that the fermentation broth had favorable activity stability at 60
• C, whereas the activity was not stable at 100
• C. In addition, the inhibition rates against S. sclerotiorum were both greater than 80% in the ultraviolet light stability test and storage stability test (Tables S3 and S4 in the online Supplementary Data). Therefore, the fermentation broth has a good activity stability when exposed to 60
• C and UV light or stored at 4
• C for 30 days.
Antifungal activities of compounds against S. sclerotiorum in vitro
Under the bioassay-guided approach, flavipin and six known compounds (1-6) were isolated, and their structures were established by integrated interpretation of ESI-MS and NMR spectra (Sekita, Kunitoshi and Shinsaku 1983; Ni et al. 2008; Xue et al. 2012) . In the antifungal assay, chaetoglobosin A-E and V b separately exhibited antifungal activities against S. sclerotiorum to 
DISCUSSION AND CONCLUSION
For decades, using beneficial microorganisms such as Chaetomium to control plant disease has been a choice for the management of plant diseases. Chaetomium species exhibit biocontrol potential against Pythium ultimum, Alternaria raphani, Alternaria brassicicola and Phytophthora pathogens (Soytong et al. 2001) . Chaetomium species were also applied in controlling some plant diseases such as root rot disease of citrus, strawberry, black pepper and late blight disease of potato (Tomilova and Shternshis 2006; Shanthiyaa et al. 2013 ). In our previous study, the antifungal strain C. globosum CDW7 had antifungal activity against phytopathogen F. graminearum, and its secondary metabolite flavipin had potent antioxidant activity in vitro and in vivo (Ye et al. 2013) . The potential biological control of CDW7 against S. sclerotiorum was identified in further studies. Qi et al. (2011) obtained similar results and reported that a recombinant endophytic fungus named Chaetomium sp. Y-11 could colonize the S. sclerotiorum mycelium and deform the infected hyphae. In the present study, we evaluated the potential biological activity of the fermentation broth of CDW7 against S. sclerotiorum and its activity stability. The fermentation broth of CDW7 commendably inhibited mycelium growth and sclerotium germination of S. sclerotiorum in vitro and exhibited a favorable protective effect against RSR. Additionally, 10% fermentation broth promoted the germination growth of rape seedlings, whereas 50% fermentation broth inhibited germination. Therefore, the fermentation broth of CDW7 diluted 10-fold could be used to control RSR. In the activity-stability test, the fermentation broth expressed significant activity stability when exposed to 60 • C and UV light or stored at 4
• C. These results demonstrated that CDW7 has potential value to control this plant pathogen. However, of note, the results of this study were from the raw crude extract, and the associated fractionation must be studied thoroughly.
To explore the associated substance regarding its antifungal activities, flavipin, and chaetoglobosin A-E and V b , were isolated from the dichloromethane extract of CDW7 according to the bioassay-guided method. Among the metabolites, flavipin was described as the bioactive component of the fermentation broth of CDW7 and exhibited broad-spectrum anti-phytopathogenic activity . Through further studies, we found that chaetoglobosin A and D displayed significant inhibition against the growth of S. sclerotiorum mycelium. Therefore, it should be concluded that in addition to flavipin, chaetoglobosins are also important substances that contribute to the antifungal capacity of CDW7. These findings indicated that CDW7 is a strain with great promise to control S. sclerotiorum that can be used in agriculture.
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